Optical coherence tomography (OCT) has become an indispensable tool in the assessment of macular pathology in clinical settings and an integral part of many clinical trials. However, as with any imaging technology, some limitations exist. In this review, the author describes and discusses the various causes that might compromise automated retinal thickness measurements. The segmentation software might perform less accurately in the presence of scan artefacts (e.g. 'out-of-range', mirror, blink and motion artefacts), a low signal:noise ratio, dense media opacities and specific retinal pathological features (e.g. pigment epithelial detachment, subretinal fluid, fibrotic tissue, hard exudates and full-thickness macular holes). The awareness of the clinician and the particular search for, and recognition of, measurement errors would improve the accuracy of OCT interpretation and should be an integral part of OCT scan analysis.
and became commercially available in 1995.
It is a fast, non-invasive, non-contact method that enables in vivo visualisation of the retinal and vitreoretinal microstructure on a high-resolution cross-section (2D) or 3D image. [2] [3] [4] [5] OCT is also a powerful method for obtaining retinal thickness measurements. Owing to its ability to quantify changes in retinal thickness, OCT has become an indispensable tool for assessing treatment initiation, the response to treatment and the need for retreatment in many retinal diseases.
OCT is now an integral part of both retinal clinical practice and many clinical trials. As clinicians are becoming increasingly reliant on OCT retinal thickness measurements, it is important to determine their accuracy.
Several studies have presented good reproducibility of OCT retinal thickness measurements and have shown that it is currently the most precise and reliable instrument for retinal thickness measurements. [6] [7] [8] [9] However, all imaging techniques have some limitations and are subject to artefacts. Several studies have uncovered and analysed multiple sources of errors that decrease the accuracy of retinal thickness measurements. [10] [11] [12] Over the past few years, increasing evidence has accumulated, based on the concern of many ophthalmologists, of the limitations of current OCT devices and software. Knowledge, anticipation and recognition of image artefacts and erroneous thickness measurements by both OCT technicians and physicians are needed to reduce the influence of such errors on OCT interpretation.
Retinal thickness is defined as the distance between the inner retinal boundary (vitreous-retina interface) and the outer retinal boundary (retina-retinal pigment epithelium interface). 3, 13 The automated retinal thickness measurement is based on the ability of the software to detect the inner and outer boundaries based on the change in reflectivity at each of these interfaces. If the software fails to delineate the retinal boundaries correctly (i.e. segmentation break-down), it will result in thickness measurement error. Retinal thickness is displayed on a topographic map and numerical values are given for centre-point thickness, for each of the nine Early Treatment Diabetic Retinopathy Study (ETDRS)-like macular subfields and total macular thickness.
Incorrect retinal thickness maps might be the result of segmentation break-down owing to scan artefacts, insufficient image quality or in the presence of specific retinal pathological features, in the case of good-quality scans. Poor patient fixation can also hinder obtaining correct retinal thickness maps.
In this review, the author describes and discusses the various causes that can compromise retinal thickness measurements. The author also stress that the search and recognition of thickness measurement errors should be an integral part of OCT scan analysis.
Image Quality
OCT image quality is dependent on the experience of the operator and the clarity of the ocular media. If a scan with very poor quality (i.e. a 'degraded' image artefact) is used for thickness analysis, the automatic measurement result will be doubtful. All OCT devices display the quality parameters of the scan after acquisition (e.g.
signal:noise ratio [SNR] and signal strength [SS]). They have proved to
be reliable in discriminating poor from acceptable and good scans. 16 Scans with lower SNR have been reported to have more automated retinal thickness measurement errors. 16 Decreased SNR might be to the result of poor scan acquisition (e.g. defocusing and depolarisation). 12 If the image quality is insufficient, the operator can try to improve it by optimising the focus and polarisation before capturing the OCT scan. In other cases, the SNR is not dependent on the operator's skill, but is related to media clarity (cataract, vitreous haemorrhage, etc.). The presence of cortical and posterior subcapsular cataracts has been shown to influence the OCT signal more than do nuclear cataracts. 
Eccentric Fixation
Eccentric fixation can also hinder thickness analysis. In cases with severe macular pathology, poor visual acuity, eccentric or instable fixation, the position of the generated retinal thickness map will be inaccurate with respect to the foveal centre and the ETDRS plot. Some SD-OCT devices have a tracking system that ensures the exact same area is scanned during scan acquisition (i.e. Spectralis OCT).
Studies have shown that SD-OCT retinal thickness measurements have higher reproducibility compared with those obtained by TD-OCT. 14, 21 However, errors in central subfield thickness owing to improper anchoring of the scan grid to the foveal centre in patients with poor fixation are also present in SD-OCT. 17 SD-OCT devices offer ways to
Optical Coherence Tomography -Segmentation Performance and Retinal Thickness Measurement Errors overcome this problem. If eccentric fixation is identified by the OCT operator, the location of the scan grid can be repositioned and centred on the fovea before scan acquisition. Despite this, if an eccentrically fixated scan is saved, the ETDRS map grid can be correctly positioned over the macular centre after image acquisition (either manually or automatically depending on the SD-OCT machine).
Thus, if there is no segmentation breakdown (i.e. the automated retinal thickness measurement is correct) with post-acquisition recentreing of the ETDRS map, there will be a correctly displayed reliable retinal thickness measurement. In addition, all SD-OCT devices have the ability to rescan the exact area in separate examinations, thus ensuring precise follow-up.
Retinal and Vitreoretinal Pathology
The described scan artefacts (out-of-range, mirror, blink and motion) and low SNR can cause segmentation breakdown and errors in retinal thickness measurements. However, there are cases of retinal boundary misidentification in the absence of such artefacts. In these cases, the presence of retinal pathology might confuse the software in the correct placement of retinal boundaries. 11 Full-thickness macular holes and neovascular AMD were found to be associated with a higher percentage of thickness measurement errors than were cases with macular oedema. 
Comparison of Different Optical Coherence Tomography Devices
Several studies have compared the performance of TD-OCT and different SD-OCT devices in their accuracy of segmentation.
14,23,24
The results show significantly lower rates of segmentation breakdown This is attributable to the improvements in SD-OCT technology, including higher resolution, faster scan acquisition, raster volume scanning with considerably greater number of A-scanned points, and better quality of the segmentation software. Even though improvements have been made, and the error rate in automated retinal thickness measurements has decreased, the clinician still needs to be cautious in interpreting OCT scans as errors can still occur.
Possible Ways to Overcome Retinal Thickness Measurement Errors
To reduce the possibility of obtaining OCT scans with erroneous retinal thickness maps, the examiner should be aware of, and make attempts to avoid, image acquisition artefacts, such as out-of-range, mirror and blink artefacts, and obtain the highest quality scan possible (i.e. with the highest possible SNR). Before image capture, the best possible scan focus, polarisation and centreing should be done.
Improvement in SD-OCT instruments in terms of enlarging the axial imaging depth (over 2 mm) could reduce the incidence of mirror artefacts and the related improper retinal thickness measurements. 15 It has been stated that axial length should also be taken in consideration as differences in axial length and ocular magnification might also affect the accuracy of retinal thickness maps. 17 Odell 
Conclusion
OCT is currently the most precise, reliable and objective method for 
